Abstract AI Crucis is a short-period semi-detached massive close binary (P = 1.41771 d , Sp.=B 1.5) in the open cluster NGC 4103. It is a good astrophysical laboratory for investigating the formation and evolution of massive close binary stars via case A mass transfer. Orbital period variations of the system were analyzed based on one newly determined eclipse time and the others compiled from the literature. It is discovered that the orbital period of the binary is continuously increasing at a rate of dP/dt = +1.00(±0.04) × 10 −7 d yr −1 . After the long-term increase is subtracted from the O − C diagram, weak evidence indicates the presence of a cyclic oscillation with a period of 30.1 yr, which may reveal a very cool stellar companion in the system. The long-term period increase can be explained by mass transfer from the less massive component to the more massive one. This is in agreement with the semidetached configuration of the binary, indicating that the system is undergoing a slow mass-transfer stage on the nuclear time scale of the secondary. However, it is found that the slow mass transfer is insufficient to cause the observed period increase, which suggests that the stellar wind from the hot component should contribute to the amount of period increase dP/dt = +0.54 × 10 −7 d yr −1 that corresponds to a mass loss rate ofṀ 1 = 2.72 × 10 −7 M yr −1 . It is estimated that the hot component lost a total mass of 4.1 M during the slow mass-transfer stage and, thus, the evolution of the binary system should be changed greatly by the mass loss.
INTRODUCTION
Theoretical studies of binary evolution have suggested that short-period semi-detached massive binary stars are formed through case A mass transfer (the mass transfer is taking place during the * Supported by the National Natural Science Foundation of China.
Mass Transfer and Loss of the Massive Semi-detached Binary AI Crucis 439 main-sequence evolutionary stage of the mass loser) (e.g., Plavec et al. 1968; Horn et al. 1970) . It is shown that mass transfer between the components and mass loss from the system are two key astrophysical processes which are needed to understand this evolution. However, details on the two processes are not well investigated. Up to now, a few massive semi-detached eclipsing binaries have been found where the less massive components are filling the critical Roche lobe. Some examples are V Pup (e.g., Andersen et al. 1983) , MP Cen (Terrell et al. 2005) , SX Aur (Bell et al. 1987a) , and AI Cru (Bell et al. 1987b) . They are observed in the slow phase of case A mass transfer and the roles of the current primary and the secondary components have been reversed. Orbital period changes of these eclipsing binary systems can provide invaluable information on the evolution of binary stars. In the paper, orbital period changes of AI Crucis are investigated. Then, based on the period variations, the presence of a very cool stellar companion, the mass transfer and mass loss, and, thus, the evolutionary state of the system are discussed.
AI Crucis (CPD −60
• 3273, CoD −60 • 3971) was found to be an eclipsing binary by Oosterhoff (1933) who derived a period of P = 1.4177073
d . Subsequently, photometric solutions of the system were determined by Ollongren (1956) , Giuricin et al. (1980), and Russo (1981) . Russo (1981) concluded that AI Crucis was semi-detached with the secondary component in contact with its critical Roche lobe. Both photometric and spectroscopic observations of AI Crucis were obtained by Bell et al. (1987b) who estimated the spectral type of the primary to be B 1.5 and derived the masses of both components as 8.9 M and 5.4 M . Ollongren (1956) noted that AI Crucis is a possible member of the open cluster NGC 4103, which was later confirmed by Bell et al. (1987b) . The photometric solutions of AI Crucis by Bell et al. (1987b) revealed the semi-detached configuration of the system and concluded that it has probably passed through the rapid phase of Case A mass transfer.
ORBITAL PERIOD VARIATIONS OF AI CRUCIS
Epochs and orbital periods of AI Crucis have been given by several authors (e.g., Ollongren 1956; Bell et al. 1987b) and are listed in Table 1 . Ollongren (1956) and Bell et al. (1987b) pointed out that there is no reliable evidence for variations in the orbital period. All of the available times of light minimum were collected and were kindly provided by Kreiner (2006, private communication) . A few unpublished times of light minimum were determined by Drs. Kosiek, P. & Ogloza, W. and one CCD eclipse time was from Paschke (2007) . The original data are listed in the first column of Table 2 . Those shown in the third column are the observed methods where "Pg" refers to photographic, "Pe" to photoelectric, and "CCD" to the Charged-couple device. Kreiner et al. (2001) One time of light minimum of AI Crucis, HJD 2454530.7030 (±0.0005), was obtained by one of the co-authors (Dr. Fernández Lajús) on 2008 March 3. Those observations of AI Crucis were obtained with the HSH 0.6-m telescope at Casleo in Argentina. During the observation, the filter V was used and 500 images were obtained. The (O − C) 1 curve of AI Crucis was formed by using the linear ephemeris of Kreiner et al. (2001) ,
The corresponding Table 2 . It is found from Figure 1 that the orbital period of AI Crucis is variable. As shown in the upper panel of Figure 1 , the general trend of the (O − C) 1 curve shows an upward parabolic change, indicating that the period is continuously increasing. By considering that the error of photographic observations is about 0.008 d and that of photoelectric and CCD (PC) data is about 0.001 d , we choose weights 1 for photographic data and 8 for PC observations.
A weighted least-squares solution leads to the following quadratic ephemeris,
The residuals from this equation are displayed in the lower panel of Figure 1 . The quadratic term in Equation (2) indicates a long-term period increase at the rate of dP/dt = +1.00(±0.04) × 10 −7 d yr −1 , which corresponds to a period increase of 0.86 s per century. The (O−C) 2 residuals of all PC times of light minimum with respect to the quadratic ephemeris in Equation (2) are shown in the upper panel of Figure 2 and are listed in the seventh column of Table 2 . As displayed in Figure 2 , a cyclic oscillation may exist. Using the least-squares method, the following equation, is derived. The sinusoidal term in Equation (3) reveals a small-amplitude periodic change with a period of P 3 = 30.1 yr and an amplitude of A 3 = 0.0019 d (±0.0005). However, it needs more precise times of light minimum to be checked in the future.
MECHANISMS FOR THE PERIOD CHANGES

Mass Transfer between the Components
Photometric solutions derived by Russo (1981) and Bell et al. (1987b) suggest that AI Crucis was semi-detached where the secondary component is filling the critical Roche lobe. The increases in secular period deduced from the O − C analysis can be interpreted by mass transfer from the less massive component to the more massive one. By comparing astrophysical parameters of AI Crucis with the stationary model by Horn et al. (1970) , Bell et al. (1987b) show that AI Crucis has probably passed through the rapid phase of Case A mass transfer. The system is now in the slow phase of Case A mass transfer on the nuclear time-scale of the less massive component. The nuclear time-scale is as follows,
where M 2 , R 2 , and L 2 are the mass, the radius, and the luminosity of the less massive component. With the physical parameters determined by Bell et al. (1987b) , the nuclear time-scale of the secondary star can be calculated to be τ N = 3.63 × 10 7 yr, which corresponds to a mass transfer rate of dM 2 /dt = M 2 /τ N = 1.49 × 10 −7 M yr −1 . By using the following equation, the period increase caused by the slow mass transfer should be dP/dt = +0.46 × 10 −7 d yr −1 , which is much smaller than the observed increase rate dP/dt = +1.00 × 10 −7 d yr −1 . Another mechanism should contribute to the amount of period increase dP/dt = +0.54 × 10 −7 d yr −1 .
The Combination of Mass Transfer and Mass Loss
The analysis in the previous subsection suggests that a conservatively slow mass transfer rate from the secondary to the primary is insufficient to explain the observed rate of period increase. Another mechanism that can cause the orbital period increase is the mass loss from the more massive component that is detached from the critical Roche lobe (e.g., Russo 1981; Bell et al. 1987b ). The spectral type of the primary is estimated to be B 1.5 by Bell et al. (1987b) and mass loss from the component is expected via stellar wind. By assuming the rest period increase dP/dt = +0.54 × 10 −7 d yr −1 is caused by mass loss via stellar wind, a calculation with the equation,
where M 1 and M 2 are the masses of the primary and the secondary, respectively, leads to a mass loss rate of dM 1 /dt = 2.72 × 10 −7 M yr −1 . Most probably, the observed period increase is caused by a combination of mass transfer from the secondary to the primary and mass loss via stellar wind from the more massive primary.
The Presence of Unseen Tertiary Components
AI Crucis is composed of two early-type component stars that presumably contain a convective core and a radiative envelope. This suggests that the small-amplitude period oscillation cannot be explained by the magnetic activity cycle mechanism, which is usually proposed to explain the cyclic period changes of solar-type binary stars (e.g., Applegate 1992; Lanza et al. 1998) . Therefore, a plausible explanation of the periodic change of the orbital period is the light-travel time effect via the presence of a tertiary component (e.g., Borkovits & Hegedüs 1996; Chambliss 1992) . By considering that the third body is moving in a circular orbit, the projected radius of the orbit a 12 sin i of the eclipsing pair rotating around the mass center of the triple system was computed with the equation,
where A 3 is the amplitude of the O − C oscillation and c is the speed of light. The results are a 12 sin i = 0.33(±0.09). Then, by using the parameters derived by Bell et al. (1987b) , a computation with the following equation,
leads to an extremely small mass function of f (m) = 0.000039 M . G and P 3 in Equation (8) 
The relations between the orbital inclinations and the masses of the third bodies are plotted in Figure 3 . It is shown that the lowest mass of the tertiary companion is 0.2 M , and most probably it is a very cool stellar companion. 
DISCUSSION AND CONCLUSIONS
Based on the analysis of the O − C diagram, it is found that the orbital period of AI Crucis is increasing at a rate of dP/dt = +1.00(±0.04) × 10 −7 d yr −1 . This is in good agreement with the semi-detached configuration with a lobe-filling secondary of the system, indicating that the binary has passed through a rapid phase of Case A mass transfer and is now in a slow phase of Case A mass transfer on the nuclear time-scale of the secondary. However, we discovered that a conservatively slow mass transfer is insufficient to cause the observed rate of period increase. The mass loss from the detached massive primary (Sp=B 1.5) via stellar wind should contribute to the period increase. The observed period increase is the result of a combination of mass transfer from the secondary to the primary and mass loss via stellar wind from the massive primary. The derived mass loss rate is dM 1 /dt = 2.72 × 10 −7 M yr −1 . AI Crucis is a member of the open cluster NGC 4103 with an age of 2.5 × 10 7 yr (e.g., Bell et al. 1987b; Wesselink 1969) . As discussed by Bell et al. (1987b) , the model for AI Crucis before massratio reversal may have involved a 9 M primary and a 6.6 M secondary with a period of about 1.3 days. After a time interval of 10 7 yr, the rapid phase of Case A mass transfer occurred which lasted on the order of 10 5 yr. These properties mean that AI Crucis has been in the slow phase of Case A mass exchange for 1.5×10 7 yr. With the rate of mass loss from the more massive component being dM 1 /dt = 2.72 × 10 −7 M yr −1 , the system should have lost a total mass of 4.1 M during this evolutionary stage. Therefore, the evolution of the system should be greatly changed by the mass loss. The small-amplitude period oscillation can be explained by light-travel time effect via the presence of a cool stellar companion like those observed in other massive close binary stars, e.g., BH Cen, V701 Sco (Qian et al. 2006 ), V382 Cyg, and TU Mus (Qian et al. 2007 ). However, as for AI Crucis, more data are required to check this conclusion.
